This study aimed to determine 1) whether certain background sounds can be matched with specific odors and 2) whether the background sounds can increase pleasantness for their congruent odors. In Experiment 1, congruent sounds increased odor pleasantness, but not odor intensity, significantly more than incongruent sounds. Experiment 2 demonstrated that certain background sounds can be paired with specific odors. For example, cinnamon, clove, and orange odors were rated significantly more congruent with a Christmas carol compared with the sound of brushing teeth and/or the beach sound. The congruent sounds increased odor pleasantness significantly more than incongruent sounds. Similarly, the congruent sound-induced odor pleasantness was observed in Experiment 3. As participants judged the pair of odor and sound to be more congruent, they rated the odor significantly more pleasant. Congruent sound assisted participants in identifying and in being familiar with the odor, thereby leading to an increase in odor pleasantness. However, the congruent sound-induced odor pleasantness was not obtained in all odors. In conclusion, this study provides new empirical evidence that pleasantness ratings for odors can increase in the presence of their congruent sounds.
Introduction
There is a growing interest to better understand dynamics of cross-modal associations (also called "cross-modal correspondence"; for details, see ) when perceiving odors. The majority of studies have highlighted modulatory effects of visual and gustatory cues on olfactory perception (Zellner et al. 1991; Gottfried and Dolan 2003; de Araujo et al. 2005; Sakai et al. 2005; Small and Prescott 2005; Demattè et al. 2007; Seo et al. 2010; Hanson-Vaux et al. 2013) . Less attention has been paid to the impacts of auditory cues on olfactory perception. As Spence (2012) pointed out, despite its significant contribution, an auditory cue-induced flavor perception is not seen in the International Standards Organization (ISO) definition of flavor: "Complex combination of the olfactory, gustatory and trigeminal sensations perceived during tasting. The flavor may be influenced by tactile, thermal, painful and/ or kinesthetic effects" (ISO, 2008) . However, people are often exposed to odors and flavors with not only sounds elicited by mastication and swallowing process but also background sounds such as background music and noise. In fact, previous studies have provided empirical evidence that auditory cues alter taste and flavor perception (for review, see Zampini and Spence 2010; Spence 2012) .
Several psychophysical studies have addressed crossmodal associations between auditory and olfactory cues (Belkin et al. 1997; Crisinel and Spence 2012; Crisinel et al. 2013) . For example, Belkin et al. (1997) showed that certain auditory pitches can be consistently associated with specific odors. Furthermore, a recent study by Crisinel and Spence (2012) demonstrated that certain odor stimuli commonly found in wine can be matched with not only a pitch but also a specific type of musical instrument. For example, odors of fruits such as apple and lemon were consistently paired with high-pitched sounds, and pleasant odors were frequently matched with the tone of piano instrument. More recently, Crisinel et al. (2013) reported similar findings showing the cross-modal associations between odors and sounds. For instance, as odor stimuli (e.g., ginger cookies, dried plums, roasted coffee, crème brûlée, candied orange, iris flower, and musk odors) were rated "brighter" on affective scales, they were matched with higher pitch of instrumental sounds (e.g., piano, strings, woodwind, and brass). suggested 3 hypotheses explaining the cross-modal correspondences between auditory and olfactory cues. Firstly, auditory and olfactory perceptions may converge in common amodal dimension (the amodal hypothesis), which is, to some extent, supported by recent neuroanatomical studies (Budinger et al. 2006; Wesson and Wilson 2010; Cohen et al. 2011) . Secondly, the auditory and olfactory perceptions may be connected via another independent dimension such as emotional similarity between bimodal cues (the indirect hypothesis). Finally, "the transitivity hypothesis" reflects that nonstatistically corresponding cues may be mediated due to transitive characteristics of the cross-modal correspondence (for details, see .
As seen in the cross-modal interaction between olfactory and visual (Zellner et al. 1991; Gottfried and Dolan 2003; Sakai et al. 2005; Demattè et al. 2006; Seo et al. 2010; Hanson-Vaux et al. 2013) or gustatory cues (Schifferstein and Verlegh 1996; Djordjevic et al. 2004; Small et al. 2004; Seo et al. 2013) , the "congruency" appears to play an important role in modulating the auditory-olfactory association. A recent study showed that congruent sounds relative to incongruent sounds can amplify pleasantness ratings for odor stimuli (Seo and Hummel 2011) . For example, participants rated food odors (e.g., potato chips odor) when presented with their congruent sounds (e.g., the sound of eating potato chips) significantly more pleasant than when presented with incongruent sounds (e.g., the sound of drinking coffee). Furthermore, as participants judged the odorsound pair to be more congruent, they rated the odor as more pleasant.
The previous study (Seo and Hummel 2011 ) examined the roles of "congruency" in the pairs of odors and sounds produced by mastication and drinking process while eating. To extend earlier findings, this study attempted to give an answer as to whether the modulatory effect of congruency can be present in the combinations of odors and background sounds such as music and noise. Specifically, this study aimed to determine whether certain background sounds can be matched with specific odors but also to determine whether the background sounds can increase pleasantness for their congruent odors. For example, orange, cinnamon, and clove odors have been reported to be related to the Christmas season (Seo et al. 2009 ). Therefore, it would be expected that people like these odors while listening to the Christmas carols more than while listening to their incongruent background music.
This study was conducted according to the Declaration of Helsinki for studies on human subjects. The protocol was approved by the Ethics Committee of the University of Dresden Medical School (Dresden, Germany) and the University Institutional Review Board of the University of Arkansas (Fayetteville, AR, United States).
Experiment 1
Experiment 1 was designed to determine whether congruent sounds can increase odor intensity and/or odor pleasantness significantly more than incongruent sounds.
Materials and methods

Participants
Twenty-six right-handed volunteers (8 females and 18 males) with an age range from 21 to 44 years (mean ± standard deviation [SD] = 28 ± 6 years) participated in this study. All participants were recruited from the University of Dresden Medical School community (Dresden, Germany). To minimize a potential effect of handedness on olfactory performance (Bensafi et al. 2003 ; but see also Lübke et al. 2012) , only right-handed volunteers took part in the experiment. For example, Bensafi et al. (2003) demonstrated that right handers evaluated odor familiarity more quickly than left handers. All participants reported no clinical history of major diseases and no smelling and hearing impairments. Participants had no impairment in olfactory, auditory, and cognitive functions based on results of the "Sniffin' Sticks" screening test (Hummel et al. 2001) , the tuning fork test (Doyle et al. 1984) , and the "Mini-Mental-State Examination" (Folstein et al. 1975) , respectively. Experimental procedure was explained to all participants, and an informed written consent was obtained before participation. Participants were not informed about the purpose of study prior to their participation. They were debriefed about these details after the completion of the study.
Auditory and olfactory stimuli
As olfactory stimuli, 2 odors were used: 10% dilution of cinnamon odor (Fragrance Resources GmbH) in 1,2-propanediol (Sigma-Aldrich Inc.) and 10% dilution of coffee odor (Frey+LAU GmbH) in 1,2-propanediol (Sigma-Aldrich Inc.). Odors were delivered using a computer-controlled airdilution olfactometer (OM6b, Burghart). Olfactory stimuli (20%, v/v) diluted by humidified air were embedded in a constantly flowing air stream (7.5 L/min) with controlled temperature (36 °C) and humidity (80% relative humidity). Odors were presented for 250 ms via a tube placed in the right nostril of the participants (i.e., monorhinal presentation). Previous studies demonstrated that right nostril outperformed left nostril in olfactory tasks such as odor threshold (Kobal et al. 2000) , odor discrimination (Zatorre and Jones-Gotman 1990; Kobal et al. 2000) , and odor familiarity (Broman et al. 2001) .
As auditory stimuli, we used 3 sounds: The Christmas carol (i.e., "Jingle bells"), the sound of coffee advertisement ("Dallmayer Prodomo"; http://www.dallmayr.com/coffee/ media-library/the-dallmayr-melody), and white noise. For cinnamon odor, the Christmas carol and the sound of coffee advertisement were congruent and incongruent sounds, respectively. Coffee odor was the other way around. Using a sound editor program (Power Sound Editor Free, ver. 6.9.6., PowerSE Co., Ltd.), the Christmas carol and the sound of coffee advertisement were edited to last for 5 s. White noise was used as a control. All auditory stimuli were provided via a headphone at a loudness of 70 dB.
Six different pairs of 2 odors and 3 sounds were presented 72 times (6 pairs by 12 repetitions) in an irregular order across participants. Participants were presented with one of 3 sounds for 5 s. Subsequently, 4 s after the onset of sound presentation, one of 2 odors was presented to participants' right nostril for 250 ms. Following odor presentation, participants were asked to rate odor intensity and pleasantness on 2 visual analogue scales ranging between 0 (extremely weak; extremely unpleasant) and 10 (extremely strong; extremely pleasant), respectively. Experimental instructions and measuring scales were shown on the monitor. Between odor presentations, 25-29 s were allowed to minimize olfactory desensitization. During a break, odorless humidified air stream (7.5 L/min, 36 °C, 80% relative humidity) and white noise (60 dB) were presented. White noise dampened unexpected environmental sounds such as the valve switching sound of olfactometer during an experiment.
Following the experimental session, all participants were asked to answer 2 questions: Degree of congruency and sound pleasantness. First, after receiving 2 odors with their congruent or incongruent sounds one after another, participants were asked to rate the degree of congruency for each pair on a 9-point scale ranging between 1 (extremely weak) and 9 (extremely strong). Next, after listening to 2 sounds for 5 s, participants were asked to rate sound pleasantness on a 9-point scale ranging between 1 (extremely unpleasant) and 9 (extremely pleasant). The stimuli were presented only one time (i.e., no repeated trial).
Statistical analyses
Data analysis was performed using SPSS 20.0 for Windows (IBM SPSS Inc.). Due to technical problems, 3 participants' data (1 female and 2 males) were excluded from data analyses. To confirm whether cinnamon and coffee odors are congruent with the Christmas carol and the sound of coffee advertisement, respectively, paired t-tests were used. In addition, to determine whether auditory cues modulate ratings of odor intensity and pleasantness, data were analyzed by using a 2-way (i.e., odor type and congruency) repeated measures analyses of variance (RM-ANOVAs). If the sphericity assumption was violated via the Mauchly's sphericity test, the degrees of freedom were adjusted by using "Huynh-Feldt" correction. If a significant difference of means was determined by RM-ANOVAs, post hoc comparisons between independent variables were conducted using Bonferroni t-tests. Moreover, Pearson correlation analyses were used to determine correlations between odor pleasantness and either degree of congruency or sound pleasantness. The alpha level was 0.05.
Results
Degree of congruency between auditory and olfactory stimuli
Paired t-tests revealed that cinnamon odor was judged significantly more congruent with the Christmas carol (mean ± SD = 8.0 ± 1.2) than with the sound of coffee advertisement (4.1 ± 2.2) (t 22 = 6.91, P < 0.001). In contrast, coffee odor was rated significantly more congruent with the sound of coffee advertisement (7.4 ± 1.4) than with the Christmas carol (4.5 ± 2.0) (t 22 = 4.91, P < 0.001).
Modulatory effect of congruent sound on odor intensity and pleasantness
Two-way (odor type and congruency) RM-ANOVAs revealed that a significant interaction between odor type and congruency exhibited in odor intensity (F 2,44 = 5.86, P < 0.01) but not in odor pleasantness (P > 0.05). Intensity ratings for cinnamon odor, but not for coffee odor (P > 0.05), were significantly different across the 3 auditory stimuli (F 2,44 = 4.77, P = 0.01). There was tendency for the sound of the Christmas carol to increase intensity ratings of the cinnamon odor more than for the sound of the coffee advertisement (P = 0.05).
RM-ANOVAs showed a significant main effect of odor type on odor pleasantness (F 1,22 = 8.41, P < 0.01). Coffee odor (5.3 ± 1.6) was rated significantly more pleasant than cinnamon odor (4.8 ± 1.6) (P < 0.01). In addition, there was a significant main effect of congruency on odor pleasantness (F 2,44 = 5.76, P < 0.01). Post hoc Bonferroni t-tests showed that congruent sounds augmented odor pleasantness significantly more compared with incongruent sounds and white noise (P < 0.05), as shown in Figure 1 . The significant main effect of congruency was present in pleasantness ratings for both odors: Cinnamon (F 2,44 = 3.89, P = 0.03) and coffee odors (F 2,44 = 4.01, P = 0.03), respectively.
Correlations between degree of congruency and odor intensity or pleasantness
Participants rated the sound of coffee advertisement (mean ± SD = 7.4 ± 1.3) significantly more pleasant than the Christmas carol (5.7 ± 2.0) (t 22 = 3.53, P < 0.01). The sound pleasantness showed no significant correlation with either odor intensity (r 92 = 0.07, P = 0.49) or odor pleasantness (r 92 = 0.002, P = 0.99). That is, although pleasantness ratings for the sound of coffee advertisement were significantly higher than those for the Christmas carol, the difference in sound pleasantness showed no impact on the odor intensity and pleasantness in this experiment.
Pearson correlation analyses showed that a positive relationship exhibits between degree of congruency and odor pleasantness. That is, as participants rated the pair of odors and sounds to be more congruent, they rated the odors significantly more pleasant (r 92 = 0.47, P < 0.001). Significant correlations were present in both odors: Cinnamon odor (r 46 = 0.58, P < 0.001 [ Figure 2a] ) and coffee odor (r 46 = 0.36, P = 0.01 [ Figure 2b ]). However, there was no significant correlation between individual ratings for degree of congruency and odor intensity for cinnamon odor (r 46 = 0.14, P = 0.35) and for coffee odor (r 46 = 0.05, P = 0.76).
Discussion
The present results demonstrate that congruent sounds, in comparison to incongruent sounds, magnify odor pleasantness. Pleasantness ratings for cinnamon odor increased more when presented with the Christmas carol (Jingle bells) than when presented with the sound of coffee advertisement (Dallmayer Prodomo). Further, the more congruent the participants judge the sound-odor pair, the more pleasant the odors became. These results corroborate the notion that the "congruency" plays a critical role in modulating odor perception in the cross-modal associations with visual (Zellner et al. 1991; Gottfried and Dolan 2003; Sakai et al. 2005; Demattè et al. 2006; Seo et al. 2010; Hanson-Vaux et al. 2013) , gustatory (Schifferstein and Verlegh 1996; Djordjevic et al. 2004; Small et al. 2004 ), or auditory (Seo and Hummel 2011) cues.
Compared with incongruent sounds, congruent sounds failed to enhance odor intensity. In addition, individual ratings for the degree of congruency between auditory and olfactory stimuli were not significantly correlated with ratings for odor intensity. These results are to some extent in agreement with previous findings where no significant correlation exhibited between the ratings for degree of congruency and odor intensity (Seo and Hummel 2011) . In fact, in a cross-modal association, the effect of congruency on stimulus intensity appears to be different depending on experimental contexts. Specifically, previous research has demonstrated that compared with incongruent stimuli, congruent visual or gustatory stimuli enhance intensity ratings for odors/flavors (Sakai et al. 2005; Seo et al. 2010 ). However, the enhancement effect of congruency on odor/flavor intensity was not always observed (Zellner and Kautz 1990; Zellner and Whitten 1999; Seo et al. 2010 ). Schifferstein and Verlegh (1996) mentioned that congruency plays a major role in mediating an odor-induced taste enhancement, but the degree of congruency between bimodal stimuli is not related to the degree of taste enhancement (see also Zellner and Kautz 1990; Zellner and Whitten 1999) . In addition, Seo and Hummel (2011) explained the lack of significance in the correlations between individual ratings for degree of congruency and odor intensity, with a focus on differences in the strategy for evaluating odor intensity and pleasantness. That is, because a pleasantness rating is largely a synthetic task, when participants perceive an odor stimulus with background sound, they may judge the odor pleasantness in a "holistic perception" or "Gestalt perception" manner (Mattila and Wirtz 2001; Demoulin 2011 ). On the contrary, when participants rate the odor intensity that is close to an analytical task, they tend to pay attention to the intensity of odor stimulus without attending to the presence of background sound, which may reduce the impact of background sound on odor perception.
Experiment 2
Experiment 2 was designed to determine whether the congruent sound-enhanced odor pleasantness can be present in various pairs of background sounds and odors.
Materials and methods
Participants
Thirty healthy volunteers (15 females and 15 males) with an age range from 21 to 41 years (mean ± SD = 26 ± 4 years) participated in this experiment. All participants were recruited from the University of Dresden Medical School community (Dresden, Germany). They reported no clinical history of major diseases and no impairment of smelling and hearing. All participants showed no smelling impairment based on results of the "Sniffin' Sticks" screening test (Burghart Instruments; Hummel et al. 2001) . Experimental procedure was explained to all participants, and an informed written consent was obtained before participation. Participants were not informed about the purpose of study prior to their participation. They were debriefed about these details after the completion of the study.
Auditory and olfactory stimuli
As auditory stimuli, 3 sounds were used: The mixed clip of Christmas carols, the sound of the beach, and the sound of brushing teeth. Using a sound editor program (Power Sound Editor Free, ver. 6.9.6., PowerSE Co., Ltd.), 4 different Christmas carols: "Bald nun ist Weihnachtszeit," "Jingle bells," "Oh Tannenbaum," and "Let it snow" were edited to last for 60 s (e.g., 15 s per carol). The sound of the beach and the sound of brushing teeth were obtained from commercial web providers of sound effects (http://www.tonarchiv.de and http://www.gemafreie-welten.de). All sounds were provided via a headphone (MDR-A44L, Sony Corporation) at a loudness of 70 dB. In a silent condition (subsequently referred to "silence"), no additional sound was presented.
Five odors (orange, cinnamon, peppermint, clove, and fish odors) were used as olfactory stimuli. All odors were presented via felt-tip pens: The "Sniffin' Sticks" (Burghart Instruments). The pen's tampon was filled with liquid odorants or odorants dissolved in propylene glycol. The length and the inner diameter of the pens were approximately 14 and 1.3 cm, respectively. For odor presentation, the cap of the pen was removed by the experimenter, and the tip of the pen was placed at a distance of 2 cm in front of both nostrils.
Procedure
This experiment consisted of 4 sessions. In each session, 5 odors were randomly presented one after another in the presence of either one of 3 auditory stimuli (i.e., the mixed clip of Christmas carols, the sound of the beach, and the sound of brushing teeth) or silence. Participants were asked to rate odor pleasantness on a 10-point scale ranging between 1 (extremely unpleasant) and 10 (extremely pleasant). To minimize olfactory desensitization, 10 s was allowed to elapse between odor presentations.
After the experimental session, all participants were instructed to answer 2 questions: Degree of congruency and sound pleasantness. First, after receiving 15 pairs of auditory and olfactory stimuli (i.e., 3 sounds by 5 odors) one after another, participants were asked to rate the degree of congruency for the presented pair of sound and odor on a 10-point scale ranging between 1 (extremely weak) and 10 (extremely strong). Next, after listening to 3 sounds for 5 s one after another, participants were asked to rate sound pleasantness on a 10-point scale ranging between 1 (extremely unpleasant) and 10 (extremely pleasant). The stimuli were presented only one time (i.e., no repeated trial).
Statistical analyses
Data analysis was performed using SPSS 20.0 for Windows (IBM SPSS Inc.). RM-ANOVAs were used to determine whether auditory cues can modulate sound-induced odor pleasantness that was defined as the difference in odor pleasantness between in the presence of background sound and in silence (i.e., pleasantness ratings for odor stimulus with background sound − pleasantness ratings for odor stimulus in silence). If the sphericity assumption was violated via the Mauchly's sphericity test, the degrees of freedom were adjusted by using "Huynh-Feldt" correction. If a significant difference of means was determined by RM-ANOVAs, post hoc comparisons between independent variables were conducted using Bonferroni t-tests. In addition, Pearson correlation analyses were used to examine correlations between odor pleasantness and either degree of congruency or sound pleasantness. To minimize a causal influence of sound pleasantness (or degree of congruency), partial correlation analyses controlling for the sound pleasantness (or degree of congruency) were used to examine the relationships between sound-induced odor pleasantness and degree of congruency (or sound pleasantness). The alpha level was 0.05.
Results
Degree of congruency between auditory and olfactory stimuli
As shown in Figure 3a , 1-way RM-ANOVAs revealed significant differences in ratings for the congruency between auditory and olfactory stimuli. Specifically, cinnamon and clove odors were judged significantly more congruent with the clip of Christmas carols than with the sound of the beach (P < 0.001) and the sound of brushing teeth (P < 0.001) (for cinnamon odor: Huynh-Feldt correction, F 1.51,43.81 = 44.21, P < 0.001; for clove odor: Huynh-Feldt correction, F 1.23,35.62 = 27.41, P < 0.001). Peppermint odor was rated significantly more congruent with the sound of brushing teeth than with the mixed clip of Christmas carols (P < 0.001) and the beach sound (P < 0.001) (F 2,58 = 28.94, P < 0.001). Fish odor was evaluated as significantly more congruent with the sound of the beach than with the mixed clip of Christmas carols (P < 0.001) and the sound of brushing teeth (P < 0.001) (Huynh-Feldt correction, F 1.41,40.90 = 17.64, P < 0.001). Finally, participants rated orange odor significantly less congruent with the sound of brushing teeth than with the mixed clips of Christmas carols (P = 0.03) and the sound of the beach (P = 0.001) (F 2,58 = 7.44, P = 0.001).
Modulatory effect of congruent sound on odor pleasantness
Sound-induced odor pleasantness was defined as the difference in odor pleasantness between in the presence of background sound and in silence. As seen in Figure 3b , RM-ANOVAs revealed that congruent sounds significantly increased pleasantness ratings for odors, with an exception of orange odor (F 2,58 = 1.37, P = 0.26). For example, participants rated cinnamon odor significantly more pleasant when they were presented with the clip of Christmas carols than when presented with other auditory stimuli: The beach sound (P < 0.01) and the sound of brushing teeth (P < 0.001) (F 2,58 = 14.37, P < 0.001). Participants rated peppermint odor significantly more pleasant when presented with the sound of brushing teeth than when presented with the clip of Christmas carols (P < 0.01) (Huynh-Feldt correction, F 1.65,47.79 = 8.49, P = 0.001). In addition, participants judged clove odor more pleasant in the presence of the Christmas carols than in other auditory conditions: The sound of the beach (P < 0.01) and the sound of brushing teeth (P = 0.001) (F 2,58 = 9.09, P < 0.001). Moreover, participants rated fish odor significantly less pleasant when presented with the sound of brushing teeth than when presented with the beach sound (P < 0.01) (Huynh-Feldt correction, F 2,58 = 6.62, P < 0.01).
Correlations between sound-induced odor pleasantness and degree of congruency
Pleasantness ratings for 3 sounds significantly differed (F 2,58 = 34.43, P < 0.001). Participants liked the sound of the beach (mean ± SD = 8.2 ± 1.5) the most, followed by the mixed clip of Christmas carols (7.4 ± 1.4) and the sound of brushing teeth (5.5 ± 1.9). Pleasantness ratings for sounds showed a weak but significant correlation with the soundinduced odor pleasantness (r 450 = 0.13, P < 0.01).
To control a potential influence of sound pleasantness, partial correlation analyses controlling for the sound pleasantness were used to examine the relationship of sound-induced odor pleasantness with degree of congruency. As participants rated the pairs of odors and sounds to be more congruent, they rated the odors more pleasant (r 447 = 0.29, P < 0.001). As seen in Table 1 , significant correlations between odor pleasantness and Figure 3 Mean ratings for (a) degree of congruency and (b) soundinduced odor pleasantness in relation to 3 different auditory stimuli: The clip of Christmas carols, the sound of the beach, and the sound of brushing teeth. Sound-induced odor pleasantness was defined as the difference in odor pleasantness between in the presence of background sound and in silence. N.S. indicates no significant difference at P < 0.05. ** and *** indicate significant difference at P < 0.01 and P < 0.001, respectively. The error bars represent the standard errors of the means.
degree of congruency were obtained in cinnamon (P < 0.001), peppermint (P = 0.004), and clove (P < 0.001) odors, but not in orange (P = 0.32) and fish (P = 0.06) odors.
Partial correlation analyses controlling for the degree of congruency revealed that significant correlations between the ratings for sound-induced odor pleasantness and sound pleasantness were present in orange (P = 0.004) and fish (P = 0.009) odors, but not in cinnamon (P = 0.53), peppermint (P = 0.63), and clove (P = 0.79) odors showing the significant correlation between the ratings for sound-induced odor pleasantness and degree of congruency (Table 1) .
Discussion
Experiment 2 supports the results of Experiment 1 where certain odors can be matched with specific background sounds. Participants judged that cinnamon, clove, and orange odors were significantly more associated with the clips of Christmas carols than with the sound of brushing teeth and/or the sound of the beach. This result is in accordance with the previous report where 97%, 87%, and 70% of 100 German participants responded that cinnamon, clove, and orange odors are associated with the Christmas season, respectively (Seo et al. 2009 ). In addition, because peppermint flavor is typically common in a tooth paste, people often experience the peppermint flavor while they are brushing the teeth. This daily experience may lead to the development of the cross-modal pair of peppermint odor and the sound of brushing teeth. Lastly, people are easily exposed to fish odor when they are on the beach. This experience may lead people to cross-modally match the fish odor with the beach sound. Likewise, cross-modally congruent combinations between auditory and olfactory cues appear to be experience dependent (see also Gottfried and Dolan 2003; Small et al. 2004; Shankar et al. 2010 ).
The present results show that congruent sounds can increase odor pleasantness to a higher degree compared with incongruent sounds, which is in line with previous findings (Seo and Hummel 2011) , as well as the results of Experiment 1. However, congruent sound-enhanced odor pleasantness was not observed in all odors (e.g., orange odor) as shown in Figure 3b . A plausible explanation for the lack of significance can be found in congruency ratings for the pair of orange odor and the Christmas carols. As seen in Figure 3a , in terms of degree of congruency, the pair of orange odor and the clip of Christmas carols was not significantly different from the pair of orange odor and the beach sound (P > 0.05). In the above survey (Seo et al. 2009 ), only 1% and 3% of German participants (N = 100) reported that cinnamon and clove odors are associated with summertime, whereas more participants (15%) reported that orange odor is associated with summertime (cf., Christmas season: 70%; no specific season: 15%), which, to some extent, accounts for no significant difference in the degree of congruency for orange odor with 2 sounds: The clip of Christmas carols and the sound of the beach. In this way, the relatively ambiguous congruency between orange odor and the Christmas carol may result in the lack of congruent sound-induced odor pleasantness.
Pleasantness ratings for auditory stimuli showed a weak, but significant correlation with the sound-induced odor pleasantness. Therefore, a possible influence of sound pleasantness (e.g., halo effect) was controlled when we examined the relationship of sound-induced odor pleasantness with degree of congruency. The degree of congruency significantly correlated with the sound-induced odor pleasantness, which is in agreement with previous research (Seo and Hummel 2011) . Notably, in this study, the significant correlation was not obtained in orange and fish odors (Table 1) . A plausible explanation for the deficiency of significant correlation in both odors would be relatively small ranges of ratings for sound-induced odor pleasantness and/ or degree of congruency (Figure 3) . Interestingly, in both odors showing no significant association between soundinduced odor pleasantness and degree of congruency, the sound-induced odor pleasantness significantly correlated with sound pleasantness. The results are, to some extent, in line with a previous study (Seo and Hummel 2011) . For example, significant correlations between the pleasantness ratings for odors and sounds were obtained in the combination of odors and irrelevant sounds (e.g., 1,2-propanediol, "rose-like" odor in the presence of baby laughing, baby crying, jazz drum, and screaming sounds), but not in the combination of odors with relevant sounds (e.g., Table 1 Partial correlation coefficients between the ratings for sound-induced odor pleasantness and either degree of congruency or sound pleasantness potato chips odor with the sound of eating potato chips and the sound of drinking coffee). These results suggest that the halo effect of priming sound on odor pleasantness seems to be facilitated when the congruent relationship between auditory and olfactory stimuli is not strong. This idea may explain for the lack of significant difference between the beach sounds and the Christmas carols in the sound-induced pleasantness for orange and fish odors. As seen in Table 1 and Figure 3a , the congruent relationship between auditory and olfactory stimuli appears not to be strong in both odors, which may lead participants to be influenced by sound pleasantness. In fact, pleasantness ratings for both the sound of the beach and the clip of Christmas carols were significantly higher than those for the sound of brushing teeth (P < 0.001). However, to confirm this idea, additional large-scale studies would be needed.
Experiment 3
It has been demonstrated that compared with incongruent visual or gustatory stimuli, congruent stimuli facilitate detection and identification of odors more quickly and accurately (Zellner et al. 1991; Gottfried and Dolan 2003; Seo and Hummel 2011) , which may in turn influence odor pleasantness (Zellner et al. 1991) . Experiment 3 was designed to investigate the factors mediating the effect of congruency on odor pleasantness in auditory-olfactory association.
Materials and methods
Participants
Seventy North American volunteers (55 females and 15 males) with an age range from 20 to 41 years (mean ± SD = 29 ± 6 years) participated in this experiment. All participants (65 Caucasians, 2 Latino Americans, and 3 African Americans) were recruited from the University of Arkansas community (Fayetteville, AR, United States). Participants were attributed to Group C (receiving the Christmas carols, "Jingle bells") or Group P (receiving the pop music "Y.M.C.A.") due to the order of their appearance. Two female participants (Group P) were excluded because they reported clinical history of major diseases. Group C (N = 35; 28 females and 7 males; mean age ± SD = 29 ± 5 years) and Group P (N = 33; 26 females and 7 males; mean age ± SD = 29 ± 6 years) were not significantly different from each other in terms of the participants' sex ratio (χ 2 = 0.18, df = 1, P = 0.77) and age (t 66 = −0.50, P = 0.62). Participants had no impairment in olfactory and auditory functions based on results of the "Sniffin' Sticks" screening test (Burghart Instruments; Hummel et al. 2001 ) and the tuning fork test (Doyle et al. 1984) . Experimental procedure was explained to all participants, and informed written consent was obtained. Participants were not informed about the purpose of study prior to their participation. They were debriefed about these details after the completion of the study.
Auditory and olfactory stimuli
As auditory stimuli, we used 2 sounds: Christmas carols, "Jingle bells" and pop music, "Y.M.C.A." (a song recorded by American group Village People, 1978). The instrumental versions of both music pieces were used (i.e., no lyrics). Sounds were provided via a headphone (Model MDR-W08L, Sony Corporation) at a loudness of 70 dB. In a silent condition (subsequently referred to "silence"), no sound was presented.
As olfactory stimuli, 4 odors were used: Shoe leather, cinnamon, peppermint, and clove odors. All odors were presented via felt-tip pens: The "Sniffin' Sticks" (Burghart Instruments). For odor presentation, the cap of the pen was removed by the experimenter, and the tip of the pen was placed at a distance of 2 cm in front of both nostrils.
Procedure
This experiment consisted of 2 sessions. In the first session, after receiving 4 odors one after another in silence, participants were asked to rate odor intensity, odor pleasantness, and odor familiarity on three 9-point scales ranging between 1 (extremely weak; extremely unpleasant; extremely unfamiliar) and 9 (extremely strong; extremely pleasant; extremely familiar), respectively. In addition, participants were asked to identify the presented odors in an open answer format. When participants identified the presented odor correctly, 1 point was given, while when they identified the odor incorrectly or gave no answer, 0 point was presented.
Following a break (for 60 s), participants were presented with 4 different odors one after another in the presence of background sound. They were asked to rate odor pleasantness and odor familiarity on two 9-point scales ranging between 1 (extremely unpleasant; extremely unfamiliar) and 9 (extremely pleasant; extremely familiar), respectively. Next, participants were asked to identify the odors in the same manner as mentioned above.
After another break (for 60 s), the 4 odors were presented one after another in the presence of sound. Participants were instructed to answer 3 questions: 1) degree of congruency (How semantically congruent or incongruent is the pair of odor and sound?), 2) sound familiarity (How familiar or unfamiliar is the pair of odor and sound?), and 3) sound pleasantness (How much do you like or dislike this sound?). Participants' ratings were done on three 9-point scales ranging between 1 (extremely incongruent; extremely unfamiliar; extremely unpleasant) and 9 (extremely congruent; extremely familiar; extremely pleasant), respectively. The stimuli were presented only one time (i.e., no repeated trial).
Finally, following a break, a background music stimulus (e.g., Christmas carol or pop music) was presented for 30 s.
While listening to the music stimulus, participants were asked to freely list names of foods or odors associated with the music (What odors or foods are related to this sound? If any, please list them.). The number of foods/odors was not limited.
Statistical analyses
Data analysis was performed using SPSS 20.0 for Windows (IBM SPSS Inc.). Sound-induced odor pleasantness (or odor familiarity, odor identification) was defined as the difference in odor pleasantness (or odor familiarity, odor identification) between with and without background sound. To compare between Groups C and P in the sound-induced odor pleasantness (or odor familiarity, odor identification), data were submitted to Levene's test for equality of variances and followed by independent t-tests. In addition, to examine correlations of sound-induced odor pleasantness with other individual ratings (e.g., degree of congruency, degree of familiarity for pairs of odors and sounds, and sound pleasantness), Pearson correlation analyses were used. To identify factors predicting the level of sound-induced odor pleasantness, a stepwise multiple linear regression analysis was used. Lastly, to compare between Groups C and P in the frequency of shoe leather, cinnamon, peppermint, and clove reported while listening to the music stimulus, Fisher's exact test was performed. The alpha level was 0.05.
Results
Degree of congruency and familiarity between auditory and olfactory stimuli
As seen in Figure 4a , there was no significant difference in the degree of congruency between both pairs of shoe leather odor with the Christmas carol and pop music (t 62.39 = −0.87, P = 0.39). Similarly, no significant difference was obtained in the degree of familiarity for both pairs of shoe leather odor (t 61.93 = 0.34, P = 0.74) (Figure 4b ). However, participants rated the pair of cinnamon odor and the Christmas carol (Jingle bells) as significantly more congruent and familiar than the pair with pop music (Y.M.C.A.) (for congruency: t 54.90 = 5.45, P < 0.001; for familiarity: t 53.39 = 7.21, P < 0.001). Compared with the pop music, the peppermint odor was rated significantly more congruent and familiar with the Christmas carol (for congruency: t 66 = 6.79, P < 0.001; for familiarity: t 57.03 = 6.50, P < 0.001). Similar results were obtained in the pair of clove odor and the Christmas carol (for congruency: t 66 = 4.48, P < 0.001; for familiarity: t 66 = 6.32, P < 0.001). Likewise, ratings for degree of congruency significantly correlated with ratings for degree of familiarity for the pairs of odors and sounds (for shoe leather odor: r 68 = 0.75, P < 0.001; for cinnamon odor: r 68 = 0.82, P < 0.001; for peppermint odor: r 68 = 0.86, P < 0.001; for clove odor: r 68 = 0.87, P < 0.001).
Modulatory effect of congruent sound on odor pleasantness, familiarity, and identification
In silence, there was no significant difference between Groups C and P in terms of ratings for odor intensity, odor pleasantness, and odor familiarity in 4 individual odors, respectively (for all cases, P > 0.05). That is, participants of 2 groups similarly perceived the presented 4 odors in silence.
As defined above, the sound-induced odor pleasantness was referred to as the difference in odor pleasantness between the presence of background sound and silence. As seen in Figure 5a , the sound-induced pleasantness for cinnamon odor was significantly higher in Group C (Christmas carol) than in Group P (pop music) (t 66 = 2.27, P = 0.03). However, the sound-induced odor pleasantness was not significantly different between Group C and Group P in other odors: Shoe leather odor (P = 0.52), peppermint odor (P = 0.96), and clove odor (P = 0.21).
The sound-induced odor familiarity was referred to as the difference in odor familiarity between without and with background sound. Figure 5b presents that the soundinduced odor familiarity was not significantly different between Group C and Group P in the shoe leather odor (P = 0.06), cinnamon odor (P = 0.15), peppermint odor (P = 0.44), and clove odor (P = 0.64).
The sound-induced odor identification was defined as the difference in odor identification between without and with background sound. As shown in Figure 5c , for cinnamon odor, there was a significant difference between Groups C and P in the sound-induced odor identification (t 55.75 = 2.39, P = 0.02). However, there was no significant group difference in the sound-induced odor identification in other odors: Shoe leather odor (P = 0.17), peppermint odor (P = 0.68), and clove odor (P = 0.16).
Identification of factors determining the sound-induced odor pleasantness
Participants liked the Christmas carol (mean ± SD = 7.7 ± 1.0) significantly more than the pop music (6.5 ± 1.4) (t 66 = 4.15, P < 0.001). Pleasantness ratings for sound stimuli showed no significant relationship with sound-induced odor pleasantness (r 272 = 0.09, P = 0.13).
As seen in Figure 5a , a significant group difference in the sound-induced odor pleasantness was present only for cinnamon odor. That is, the Christmas carol augmented pleasantness ratings for cinnamon odor significantly more than did the pop music. Further, the sound-induced pleasantness for cinnamon odor was significantly correlated with both degree of congruency (r 68 = 0.30, P = 0.01) and degree of familiarity (r 68 = 0.39, P ≤ 0.001) for the pair of odor and sound.
To identify the factors predicting the level of soundinduced pleasantness for cinnamon odor, a stepwise multiple linear regression model using 6 individual variables was used: Odor intensity in silence, sound-induced odor familiarity, sound-induced odor identification, degree of congruency for the pair of sound and odor, degree of familiarity for the pair of sound and odor, and sound pleasantness. The stepwise regression model was significant (F 2,65 = 18.05, P < 0.001) with an adjusted R 2 = 0.34: The sound-induced pleasantness for cinnamon odor = 0.18 + 0.57 (sound-induced odor familiarity) + 0.82 (sound-induced odor identification). This model indicates that the sound-induced odor identification and the sound-induced odor familiarity can be factors determining the level of sound-induced pleasantness for cinnamon odor.
Odors and foods associated with the background music stimulus
As seen in Figure 6 , more than half of the Group C participants (54.3%) reported that cinnamon odor/food was retrieved in the presence of the Christmas carol, whereas only 3.0% of Group P participants listed the cinnamon odor/food while listening to the pop music (Fisher's exact test: P < 0.001). Similar results were obtained in the frequency of the peppermint odor/food odor (Fisher's exact test: P < 0.001), but not in the frequency of the clove odor/ food odor (Fisher's exact test: P = 0.05). Shoe leather odor and its related products were not reported in both Groups C and P (P > 0.05).
Figure 5
Comparisons between Groups C and P in mean ratings for (a) sound-induced odor pleasantness, (b) sound-induced odor familiarity, and (c) sound-induced odor identification. The Christmas carol (Jingle bells) and the pop music (Y.M.C.A.) were presented with Group C and Group P, respectively. Sound-induced odor pleasantness (or familiarity, identification) was defined as the difference in odor pleasantness (or familiarity, identification) between in the presence of background sound and in silence. N.S. indicates no significant difference at P < 0.05. * indicates significant difference at P < 0.05. The error bars represent the standard errors of the means.
Discussion
The current findings support the results of Experiments 1 and 2 where congruent sounds, in comparison to incongruent sounds, magnified odor pleasantness. Experiment 3 demonstrated that participants liked the cinnamon odor while listening to the Christmas carol (Jingle bells) significantly more than while listening to the pop music (Y.M.C.A). As participants judged the pair of cinnamon odor and sound to be more congruent, they liked the cinnamon odor significantly more in the presence of sound. Using a multiple linear regression model, this study found that 2 factors, sound-induced odor familiarity and sound-induced odor identification, play a major role in determining the level of sound-induced pleasantness for cinnamon odor. Specifically, the regression model suggests that congruent sound increases odor familiarity and facilitates odor identification, thereby enhancing odor pleasantness. Group C participants who were unable to identify cinnamon odor in silence showed significantly higher ratings for sound-induced odor pleasantness while listening to the Christmas carol (N = 15; mean ± SD = 1.33 ± 1.68) compared with those who were able to identify the odor correctly in silence (N = 20; 0.15 ± 0.93; t 20.45 = 2.46, P = 0.02). Previous research investigating the cross-modal interaction between olfactory and visual or gustatory stimuli has demonstrated that compared with incongruent stimuli, congruent stimuli promote odor detection and identification more quickly and accurately (Zellner et al. 1991; Gottfried and Dolan 2003; Seo and Hummel 2011) , which in turn appears to mediate the congruency-enhanced odor pleasantness (Zellner et al. 1991; Seo and Hummel 2011 ). In addition, many studies have shown a significantly positive correlation between the ratings for odor familiarity and odor pleasantness (Ayabe-Kanamura et al. 1998; Distel et al. 1999; Bensafi et al. 2002; Seo et al. 2008 ; also see Delplanque et al. 2008) .
Notably, although peppermint and clove odors were rated significantly more congruent and familiar with the Christmas carols than with the pop music (Figure 4) , there was no significant difference between Groups C and P in sound-induced odor pleasantness. A possible explanation for the observed phenomenon is that for peppermint and clove odors, soundinduced odor familiarity and sound-induced odor identification were not significantly different between 2 music groups: Group C (Christmas carol) and Group P (pop music). For example, because peppermint odor was identified in silence more easily (N = 29; 82.9%) than cinnamon odor (N = 20; 57.1%), the effect of congruent sound on odor identification appears minimal. In contrast, as participants had a difficulty in identifying the clove odor even with the Christmas carol (N = 11; 31.4%), the impact of congruent sound on odor identification appears negligible. Likewise, odor identification plays a critical role in mediating the congruent soundinduced odor pleasantness.
Interestingly, there was a cross-cultural difference in ratings for degree of congruency between auditory and olfactory stimuli. For example, for German and North American participants, cinnamon and clove odors were congruent with the Christmas carol. However, peppermint odor was rated congruent with the Christmas carol by North American participants, but not by German ones. This difference suggests that the congruency between auditory and olfactory stimuli is dependent on daily experience as shown in other cross-modal interactions (Gottfried and Dolan 2003; Small et al. 2004; Shankar et al. 2010) . For example, during the Christmas season, a candy cane, a candy stick with white with red stripes flavored with peppermint, is very popular in the United States (e.g., December 26th is National Candy Cane Day), which may lead North American participants to rate the peppermint odor-Christmas carol pair more congruent compared with German participants.
General discussion
Previous work (Seo and Hummel 2011) has demonstrated that pleasantness ratings for food odors (e.g., potato chips and coffee odors) increased in the presence of their corresponding sounds (e.g., the sound of eating potato chips and the sound of drinking coffee). In order to build on the findings, this study aimed to determine whether background sounds can enhance pleasantness and/or intensity ratings for their congruent odors. Indeed, people frequently perceive odors with their relevant or irrelevant background sounds such as music and noise.
The results of this study support previous findings that compared with incongruent sounds, congruent sounds can augment pleasantness ratings for odors (Seo and Hummel Figure 6 Comparisons between Groups C and P in the reported frequency (%) of the shoe leather, cinnamon, peppermint, and clove odors/foods in the survey of the odors and foods associated with the presented music stimulus. N.S. indicates no significant difference at P < 0.05. *** indicates significant difference at P < 0.001. 2011). Across the 3 experiments, participants liked cinnamon odor while listening to the Christmas carols significantly more than while listening to its incongruent sounds such as the sound of coffee advertisement (Experiment 1), the beach sounds, the sound of brushing teeth (Experiment 2), and pop music (Experiment 3). Further, Experiment 3 found that the sound-enhanced pleasantness for cinnamon odor is mediated by an increase in odor familiarity and odor identification in the presence of congruent sound. Similarly, previous empirical studies have demonstrated that congruent visual or gustatory stimuli assist participants in identifying the presented odors and in being familiar with them, which may facilitate the congruency-induced odor pleasantness (Zellner et al. 1991; Ayabe-Kanamura et al. 1998; Distel et al. 1999; Gottfried and Dolan 2003; Seo et al. 2008; Seo and Hummel 2011) . Zellner et al. (1991) suggested that appropriately colored solution improves an ability to identify odors, which results in increasing odor pleasantness. In an auditory-olfactory interaction, the more participants identified the odors presented in the presence of congruent sounds, the more pleasant the odors became (Seo and Hummel 2011) . In addition, the regression model shows that sound-induced odor familiarity contributes to predicting pleasantness level of cinnamon odor. Seo et al. (2008 Seo et al. ( , 2009 ) demonstrated that familiarity ratings for cinnamon in Christmas season are significantly higher than during summertime, which may result from specific Christmas diets. For instance, German and North American people are used to consume special foods and drinks (e.g., "lebkuchen," "gingerbread," and "glüh-wine") containing cinnamon and cloves in the Christmas season (Fieldhouse and Schmidt 2007) . Further, the boosted familiarity of cinnamon odor increased pleasantness for the odor. Therefore, it can be thought that the Christmas carol reminds participants of episodic memory of the Christmas diet, which may lead participants to be more familiar with the cinnamon odor, resulting in an increase in odor pleasantness. Indeed, Figure 6 demonstrates that more than half of the Group C participants (54.3%) reported that the cinnamon odor/food odor is associated with the Christmas carol.
The level at which cross-modal association occurs between auditory and olfactory cues is still unclear (for review, see Spence 2011; ). Recently, several animal studies have demonstrated that the auditory-olfactory sensory information converge in the mammalian cerebral cortex (Budinger et al. 2006; Wesson and Wilson 2010; Cohen et al. 2011) . The auditory cortex directly projects uni-or multisensory inputs to primary olfactory, visual, somatosensory, and multisensory cortical and subcortical brain areas (Budinger et al. 2006; Budinger and Scheich 2009) . Furthermore, Cohen et al. (2011) demonstrated that the auditory cortex is an early processing hub serving an olfactory-auditory convergence, and the cross-modal association between olfactory and auditory stimuli is experience dependent. For example, in mice, pup odors elicited significant alterations of spontaneous and tone-evoked spike rates in the auditory cortex neurons of lactating mothers, but not in those of naïve virgins. In a similar vein, the modulatory effect of congruent sound on odor perception is experience dependent. In other words, an earlier experience-induced connection between sounds and odors are capable of being retrieved when people are exposed to the stimuli. For example, this study shows that the Christmas carol (Jingle bells) and peppermint odor were judged as a congruent pair for North American participants, but not for German participants. In addition, congruent sound facilitated in identifying the presented odor, thereby mediating the sound-induced odor pleasantness (Experiment 3). Given these findings, the alteration of congruent sound on odor pleasantness seems to take place in the secondary olfactory cortex associated with cognitive and memory function. In fact, Gottfried and Dolan (2003) demonstrated that odors were more quickly and accurately detected when presented with congruent pairs of odors and pictures than when presented with incongruent pairs. Furthermore, neuroimaging results found that the behavioral data were related to neural activations in the anterior hippocampus and rostromedial orbitofrontal cortex. Further neuroimaging study should be conducted to aim at revealing the brain areas involved in the auditory-olfactory association.
Recent empirical studies may raise the possibility that cross-modal association between auditory and olfactory cues is mediated via emotional similarity ; see also ). For example, Crisinel et al. (2013) demonstrated that as olfactory stimuli were judged "brighter" and "happier" on affective scales, they were paired with higher pitch of instrument sounds. Auditory cues used in the study were relatively simple sounds varying pitch and/ or instrument (e.g., harp, strings, or piano). However, in this study, we used more complex music pieces such as the clip of Christmas carols, the sound of coffee advertisement, and the pop music (Y.M.C.A.). Therefore, it would be expected that impact of the specific musical component (e.g., high pitch or certain instrumental tone) on the cross-modal association between auditory and olfactory cues might be minimal under the current design.
Another thing to note is that in this study olfactory stimuli were administered at only one concentration, which was neither weak nor strong. Considering the notion that the crossmodal enhancement is more pronounced when unimodal stimulus is relatively weaker or less recognizable (Calvert 2001) , it would be interesting to examine the influence of congruent sounds on odor intensity and pleasantness at various concentrations of olfactory stimuli. Previous psychophysical and neuroanatomical studies demonstrated that at high concentration of stimulus, the congruency between bimodal stimuli was less or not effective in increasing the ratings of intensity and/or pleasantness for the stimulus (Djordjevic et al. 2004; Zampini et al. 2008; Seo and Hummel 2011; Seo et al., 2013) .
In summary, this study demonstrates that certain odors can be matched with specific sounds based on previous experience.
The congruent sounds increase odor pleasantness, but not odor intensity, significantly more than incongruent sounds. However, the congruent sound-induced odor pleasantness was not obtained in all odors. In conclusion, the current findings provide new empirical evidence that congruent sound assists in identifying and being familiar with the presented odor, thereby leading to an increase in pleasantness ratings for the odor. 
